The enzyme-linked immunosorbent assay (ELISA) is a popular analytical format for detecting and quantifying target substances. In a sandwich ELISA, a capture antibody is generally immobilized by physical adsorption onto the surface of 96-or 384-well microplates. However, when antibodies are immobilized on a solid surface, their binding activity usually decreases.
1 This reduced binding activity is ascribed to the random orientation and steric hindrance associated with immobilization of the antibody molecules on the solid phase. Therefore, a method for oriented immobilization of functional antibodies that will increase immunoassay sensitivity is needed.
We recently developed a method for immobilization of proteins on silica (SiO 2 ) surfaces using a silica-binding affinity tag, Si-tag. 2, 3 Silica is the most widely used solid support because of its mechanical and chemical stability, ease of synthesis, and cost effectiveness. The Si-tag is a 273-amino acid fusion tag that binds strongly to unmodied silica surfaces (e.g., silica particles, glass slides, and silicon wafers with an insulating oxide layer).
2,4-6 Si-tagged fusion proteins can be bound to a silica surface by simply mixing them with or spotting them onto a target, even if there are high concentrations of salt, detergent, and non-ionic chaotrope (e.g., 8 M urea) present in the protein solution.
7,8
In order to achieve oriented antibody immobilization on a silica surface, in this study we constructed a fusion protein consisting of a Si-tag and immunoglobulin-binding streptococcal protein G (SpG), namely Si-tagged SpG. SpG is a cell wall component of groups C and G streptococcal bacteria that can bind many immunoglobulin G (IgG) molecules.
9,10 SpG interacts with IgG predominantly via the Fc region 10,11 and therefore does not interfere with the binding of the antigen, which occurs on the distal ends of the Fab regions. By using Si-tagged SpG as an anchor protein, antibodies can be immobilized on a silica/glass surface in an oriented manner.
In this proof-of-principle study, we adopted glass beads as the solid phase for antibody immobilization and developed an automated ELISA system using the recently reported beads in a single tip (BIST) technology.
12 BIST technology utilizes a capillary-shaped tip containing up to 48 1 mm diameter beads in an array (Fig. 1) . The bead-containing tip is vertically connected to an automated pipetting robot (Purelumn system; Precision System Science Co., Ltd., Chiba, Japan) that performs programmable, sequential cycles of aspirating and dispensing solutions into and out of the tip. Therefore, desired assays can be performed automatically when appropriate receptors for an analyte of interest are immobilized on the beads in the tip. Here, we report a BIST-based automated ELISA system (designated BIST-ELISA) coupled with Si-tagged SpG for oriented antibody immobilization on glass beads (Fig. 1) .
To construct the expression plasmid for Si-tagged SpG, the DNA fragment encoding the B1 domain (55 amino acids) of Fractions containing the recombinant protein were divided into small aliquots and stored at À80 C until use. Because the Si-tag binds to glass surfaces, 2 all protein manipulations were carried out using polypropylene tubes and tips.
The recombinant Si-tagged SpG was expressed in soluble form in E. coli at 28 C. Because the Si-tag is a highly basic protein with a theoretical isoelectric point of 10.9, 2 cation exchange chromatography efficiently puried the Si-tagged SpG to apparent homogeneity (data not shown). To test the functionality of the recombinant protein, we performed glass and IgG-binding assays as follows (unless otherwise specied, all manipulations were performed at room temperature). Soda glass beads (1.0 mm diameter with a surface roughness [R a ] value of $90 nm; prepared by Tsubaki Nakashima Co., Ltd., Nara, Japan) were incubated for 30 min with gentle horizontal rotation in a 200 mL aliquot of 0. antigen. The serum concentration of TSH is an important indicator used for early detection of hyper-and hypothyroidism. Anti-TSH monoclonal mouse IgG 1 (10-T25C; Fitzgerald Industries International, Acton, MA, USA) was used as the capture antibody. Another anti-TSH mouse IgG 1 (10-T25B; Fitzgerald Industries International) was conjugated with HRP as described above and used as the detection antibody. Up to 20 glass beads were incubated in the Si-tagged SpG solution as described above. Aer washing three times with 200 mL of PBS, the beads were incubated with gentle horizontal rotation overnight at 4 C in a 200 mL aliquot of 10 mg mL À1 solution of capture antibody in 50 mM citrate buffer (pH 5.0) containing 0.15 M NaCl (pH 5 is the optimal pH for the binding of IgG to SpG). 16 Glass beads functionalized with the antibody via Si-tagged SpG were then blocked with 1% (w/v) bovine serum albumin in PBS for 2 h. One of the functionalized beads (designated the reaction bead) was placed into a BIST tip with one negative control bead and 46 spacer beads (glass and silicon carbide beads [1.0 mm diameter; prepared by Tsubaki Nakashima Co., Ltd.] blocked with 1% [w/v] bovine serum albumin in PBS) in the arrangement shown in Fig. 1 . The tip, containing a total of 48 beads, was then connected to the automated pipetting robot, which can handle up to 6 tips simultaneously. A 10-well cartridge containing solutions for the assay was also placed in the designated area inside the robot. The subsequent procedures were performed automatically by the robot. First, the beads within the tip were washed by 10 cycles of automatic aspiration and dispensing of 100 mL of wash buffer (PBS containing 0.05% [v/v] Tween 20 and Typically, one reaction bead is contained in a single tip with one negative control bead and 46 spacer beads. The upper part of the tip is designed to be connected to the automated pipetting robot as well as a standard 1 mL micropipette. Sandwich ELISA is performed on the reaction bead with IgG immobilized via Si-tagged SpG as the capture antibody. The Si-tag is represented as a curved line in the inset box because it is not a canonical globular protein.
0.05% [v/v] Adeka Nol
LG-299 antifoaming agent [Adeka Corporation, Tokyo, Japan]). Second, the beads were reacted with a mixture of 50 mL of TSH solution of various concentrations and 50 mL of 1 : 25 000 HRP-conjugated detection antibody by 300 cycles of aspiration and dispensing of the mixture. Third, the beads were washed with wash buffer as described above. The washing step was repeated two more times with 100 mL aliquots of wash buffer. Finally, the tip was automatically detached from the pipetting robot. Our system allows for completion of overall reactions (a total of 340 cycles of aspiration and dispensing) within 40 min. The chemiluminescent substrate solution for HRP was manually aspirated into the tip with a 1 mL micropipette, and the lower opening of the tip was sealed with putty (XX-VCS35; Terumo Corporation, Tokyo, Japan). The chemiluminescence of each bead was then measured using a photodetection unit for BIST (BISTnner; Precision System Science Co., Ltd.).
12
The reaction beads showed a linear increase in chemiluminescence that was proportional to the TSH concentration (Fig. 2 ). These results demonstrate that the BIST system coupled with the antibody immobilized via Si-tagged SpG is applicable to automated ELISA. The glass beads functionalized with the antibody via Si-tagged SpG showed about 3-fold higher chemiluminescence than those with the physically adsorbed antibody, which was prepared by incubating glass beads with 10 mg mL À1 of capture antibody in PBS overnight at 4 C (Fig. 2) . The higher intensity obtained by our method can be attributed to the well-ordered orientation of the immobilized antibody molecules, which enhances the steric accessibility of the antigen-binding sites to the soluble antigen, as demonstrated in our previous work. 14 Our TSH assay was highly sensitive, with detection and quantication limits of 0.04 and 0.08 mIU mL À1 , respectively (corresponding to about 5 and 10 pg mL À1 ), as determined from the standard deviation of the chemiluminescence intensity of the blank. 17 These values are much lower than the normal reference range for TSH (0.3-3.0 mIU mL À1 according to the guidelines of the American Association of Clinical Endocrinologists; 18 reference ranges may vary slightly between laboratories). In contrast, when glass beads with the physically adsorbed antibody were used, the detection and quantication limits for TSH (0.2 and 0.3 mIU mL À1 , respectively) were 4-5 times higher than those obtained with Sitagged SpG, conrming the advantage of this anchor protein for antibody immobilization. Additional benets of the BIST-ELISA system include the automation of tedious liquid handling steps associated with conventional ELISA as well as reduction of assay time. Furthermore, the automated assay provides better precision with less operator dependence. To further improve our system, full automation of the assay (including chemiluminescence detection) is in progress. In addition, multiplex analyte detection is also being developed by placing several reaction beads in a single tip.
In conclusion, we developed a versatile and sensitive automated ELISA system by coupling BIST with an antibody via Sitagged SpG. Our BIST-ELISA system allows for the automated detection and quantication of any analyte by simply incorporating appropriate antibodies. 
